Introduction
The accelerated charged particles have been used in a variety of field including surface modification of materials, ion implantation into semiconductors, etc. The MeV-order high energy charged particles have also been used for cancer radiotherapy [1] , breed improvement [2, 3] , etc., and their feasibility is expected to be applied to material science and engineering [4, 5] . High energy charged particles have often been characterized by their "hard" interaction with the organic materials, giving cylinder-like nano-space of "ion tracks" along the particle trajectories where reactive intermediates (ion radicals, neutral radicals, etc.) are produced non-homogeneously with extremely high density [4] [5] [6] [7] . The chemical reactions within the limited nano-space are feasible to produce 1-D nano-materials, and we have successfully produced 1-D nanowires based on the crosslinking reactions in the polymer thin films as target materials for high energy charged particles [5] [6] [7] [9] [10] [11] [12] [13] [14] . The present nano-scaled negative tone imaging technique (single particle nano-fabrication technique: SPNT) is applicable to a variety of polymeric materials with fairly controlled sizes (length, thickness, number density, etc.).
Unlikely to the conventional e-beam or laser lithographic technique [17, 18] , the SPNT technique is intrinsically free from the engineering factors originated from beam spot size, beam diffraction, depth of focus, optical alignment, etc., because a 1-D nanowire is produced by corresponding high energy "single" particle. Furthermore, the patterns of the nanowires are realized as "negative" tone of cross-linked polymer molecules, thus the pattern size and shape are almost independent of development procedures after the latent imaging by the present technique.
According to these features of the SPNT, the characteristics of resists materials bearing high aspect-ratio tolerance have been examined in the present paper. 1-D nanowires with ultra-high aspect-ratio as much as ~10 3 are demonstrated J. Photopolym. Sci. Technol. Vol. 21, No.4, 2008 based on the commercially available SU-8 polymers.
Method
SU-8 2015 was purchased from Kayaku Microchem Co. Ltd. [19] [20] [21] The solution was diluted 10 ~20 vol % with cyclopentanone, and spin-coated on Si substrates at 1 ~ 20 µm thick, followed by pre-baked at 100 ºC for 2 min. The thickness of the films was confirmed by a Dektak 3st surface profiler. The films of the polymers were irradiated by several kinds of MeV order charged particles from cyclotron accelerator at Japan Atomic Energy Agency, Takasaki Advanced Radiation Research Institute. The number of incident particles were controlled from 1 10 8 to 1 10 10 cm -2 to prevent overlapping of the particle trajectories. The irradiated films were not post-baked, and developed directly in diacetone alcohol or cyclopentanone for 1~5 min, followed by rinsing in 2-propanol. The sizes and shapes of the nanostructure formed along particle trajectories were observed using a Seiko Instruments Inc. atomic force microscope (AFM).
Results
High energy particles penetrating into the thin film of SU-8 promote effectively cross-linking reaction along the trajectories without post-baking. The development procedure isolated the nanowires on the substrate as shown in figure 1, giving the nanowires with uniform length and thickness. All the nanowires are no longer standing, collapsed onto on the substrate observed as the 2-D images. The size (radius of cross section) of nanowires has been revealed to be in good correlation with the spatial distribution of deposited energy in an ion track by a penetrating particle, and the parameters of the target materials: molecular weight and backbone configuration of the polymer materials and the efficiency of cross-linking reactions have been also determining the sizes [6, 7, 10, 11, 13, 16] . Thus the semi-empirical modeling of the nanowire sizes gives the estimates of the crosslinking efficiency: G(x) as > 3.5 (100 eV) -1 which is an appropriate value as the reaction promoted by catalytic chain reactions in the chemically amplified resists [19] [20] [21] . With an increase in the number density of the nanowires on the substrate, the nanowires show an aggregated structure, giving 2-D plane(sheet)-like ones as shown in figure 1(a) . This self-assembling nature of the nanowires was typically observed for nanowires with activated surfaces by "rich" -COOH or -OH groups [22], suggesting inter-nanowire self-assembling processes via hydrogen bonding network. The nanowires with ultra-high aspect ratio were demonstrated by an irradiation of thick SU-8 films (~ 10 µm thick) as shown in figure 2. Fairly long nanowires are observed clearly on the substrate, and the number density of the nanowires matches exactly with the number of incident particles. In spite of same development protocol applied to isolate the nanowires, the length of the nanowires also reflect completely the initial film thickness. This is suggestive that the nanowire based on cross-linked SU-8 has sufficient mechanical strength bearing the solvation of surrounding uncross-linked molecules [20, 21, 23] . The radius of the cross-section of the nanowires was estimated as 7.5 nm which is also in good agreement with the predicted value by the semi-empirical formulation and G(x) > 3.5 [6, 11, 13, 14] . The radii of the nanowires were controlled from 4.5 nm (produced with 520 MeV Kr) to 17 nm (with 400 MeV Xe), and the maximum length of the nanowires reaches up to 12 µm. Fragmentation of the nanowires during development processes was not observed for all cases (variation of incident particles and film thickness), thus length of the nanowires was uniform and controlled perfectly by varying the film thickness.
The maximum of the aspect ratio of the
